Introduction
Metamaterials or left-handed media were first introduced by Veselago [1] and rediscovered with proposals for implementation by Pendry [2] . However, the first practical demonstration of one of the key predicted properties, negative refraction, was made by Smith [3] at micro-wave frequencies. This relatively large-scale experiment, with a unit cell of approximately 1 cm, mirrors the development of photonic crystals (PhCs). The first three-dimensionally periodic structure to exhibit a full photonic band gap did so at microwave frequencies and was produced by drilling macroscopic holes in a proprietary dielectric material. This process produced a Yablonovite structure, named after the co-predictor of its properties [4] . In both cases the inevitable move to shorter wavelengths, firstly to the communications wavelength range around 1.5 µm and subsequently to the visible part of the spectrum, have required a variety of fabrication techniques such as optical or e-beam lithography. It is worth mentioning at this stage that PhCs can exhibit negative refraction due to the curvature of their bandstructure and their strongly anisotropic nature [5] . PhCs have been included within the definition of metamaterials as materials that are not found in nature. But, in fact, Nature has produced a variety of PhCs, including opal and the wings of the morpho butterfly. The negative refraction exhibited by PhCs is not due to the fact that the structure possesses negative µ and negative å the terms that are arguably inappropriate [6] for situations where the wavelength is on the order of the lattice constant of the PhC.
Within the definition of metamaterials it is also perverse to exclude all materials that do not simultaneously exhibit negative µ and negative å, i.e., so-called double negative (DNG) materials. Such a definition would exclude the use of a thin silver film for the creation of a super-lens, as well as devices based on controlling the resonances exhibited by sub-wavelength structures. So we are left with a loose definition of metamaterials, over the whole electromagnetic spectrum, as being sub-wavelength structures that use constituent materials that are not necessarily metallic and are not necessarily periodic. In short, a variety of structures and this may help in explaining the rapid rise in the popularity of this topic.
Microwave and longer wavelength techniques
The first major success in demonstrating DNG materials was through the use of printed circuit board technology. This is a well established technology, in which coppercoated sheet is patterned by use of UV positive photoresist and then etched in a mixture of ferric chloride and hydrochloric acid. Double-sided boards can also readily facilitate combinations of, for instance, split ring resonators (SRRs) and wires. Indeed the combination of wires and double SRRs was considered essential to produce the observed simultaneous double negative properties [3] . One of the main advantages of working at this scale a = 8 mm (ë~60 mm) is that three-dimensional structures can be slotted together from the constituent materials. The practical size limit is determined by the metal strip width and the thickness of the boards which limits the stacking density of the circuit boards. Even larger structures in the form of spiral-wound, insulated metallic sheets [7] have been successfully used to transfer the magnetic image of an antenna. Many of the so-called Swiss-roll structures are stacked together to form an array area of approximately 10×10 cm, with the lattice constant a, of approximately 1 cm. At this scale, the individual components of the metamaterial are much smaller than the wavelength of 15 m that corresponds to the resonant frequency of 20 MHz, giving ë/a~1500.
Near-IR and optical techniques
The main driver for increasing the resonant electric and magnetic frequencies of metamaterials is reduction in size, together with some key changes in geometry. Optical and e-beam lithography are well suited to the fabrication of planar devices, however, multilayer structures are much more challenging. Planar SRR structures have ë/a~10, much less than the Swiss roll structures.
In moving from double ring structures to single ring SRRs the resonance is shifted to shorter wavelengths but becomes weaker, since ë/a is further reduced due to the smaller capacitance of the single ring SRR. Several alternative geometries are shown schematically in Fig. 1 . One of the first examples of significant shrinkage and simplification of structures was the work by Linden et al. [8] . The plasmon resonances and the LC resonance excited by the electric field were considered, because the LC resonance is inaccessible to the magnetic field for perpendicular excitation, in either TE or TM polarisation. Using arrays of the single SRR on ITO coated glass; the polarisation-sensitive LC resonance was demonstrated at 3 µm wavelength. Our own group has produced similar structures fabricated on silicon [9] . A rationale for using silicon is that it lends itself to integration with other technologies, either optical or electro-optical, and could eventually lead to metamaterials with enhanced functionality. In Fig. 2 , we show the disappearance of the electrically-induced magnetic resonance, as the rings are closed. By electrically or optically inducing electron-hole pairs in the silicon substrate a switching action can be achieved. This effect has been demonstrated recently in low temperature grown GaAs [10] .
Material effects substrate
One disadvantage of using a high dielectric constant substrate like Si or GaAs, in comparison with a lower dielectric constant material such as silica, is that both the plasma frequency and the LC resonance are shifted to longer wavelengths. At around 1.5 µm, in the specific structures that we have measured, the shift is~20% (see Fig. 3 ). The shift, with air above the substrate, is considerably less than Opto-Electron. Rev., 14, no. would be expected if the metallic patterns were fully embedded in the respective dielectric media alone. The positions of the plasmon resonance and the LC resonances can be modelled with commercial FTDT software [11] . The agreement is very good for larger structures where rounded corners make up only a small part of the structure. It is less so where small structure geometries, with more rounded corners, are approximated by rectangles (Fig. 2) . formed by the combination of the self inductance of the rectangular loop forming the SRR element, L ring , and the mutual inductance formed between the conducting arms of neighbouring SRR elements, L mut . However, in order to calculate the total capacitance of the SRR element, C T , it is necessary to take into account both the parallel plate and co-planar capacitances formed between the individual SRR elements, C e , and the capacitance formed by the gap in the SRR structure, C g . The parallel plate capacitance of both components can be calculated from the standard equation C = å o å r (area/separation), while the co-planar capacitance can be calculated by using conformal mapping techniques that take into account the field that is present in the substrate. The general form of the equation for the co-planar capacitance per unit length for two metal strips of the width p and separated by the distance q, is given by [12] 
Equivalent circuit model
where k' is the geometrical factor given by
The shorter wavelength resonances shown in Fig. 2 and Fig. 3 are the reduced plasma frequencies of the metal and are a collective property of the SRR array [13] . This resonance has relatively low dependence on shape and, at frequencies in much of the infra-red part of the spectrum, is also not strongly dependent on the particular metal used. In the simplest model, the resonant frequency of the peak is dependent upon the dilution of the metal and is inversely proportional to the natural logarithm of the filling fraction given by the ratio of the period of the SRR array to the radius of extended cylindrical pillars [13] . To take into account the more complex geometry of the SRR elements and the fact that they are closely packed a factor F is introduced, which is the area of exposed silicon in a unit cell, i.e., the total area of the unit cell minus the area covered by the metallic SRR. 
where n eff is the effective refractive index of the dielectric medium at the frequency of the infra-red radiation interacting with the SRR array. The value of n eff is approximately 70% of the value of silicon and is related to the distribution between silicon and air of the electric flux density interacting with the SRR array. As the metal area of an individual SRR increases, for a fixed unit cell area, F decreases and the plasma frequency also decreases. This effect is greatest at the smallest spacing between SRRs, where the position of the peak diverges substantially from the simple theory. A more detailed account is given elsewhere [14] .
Material effects metal
The choice of metal to use in making metamaterial structures is usually between gold (Au), silver (Ag), copper (Cu) and aluminium (Al). Copper is clearly suited for circuit boards when the patterns are formed by subtractive etching but is not so easily deposited for use in sub-micrometre structures fabricated by lift-off. Fitting the Drude model to experimental measurements [15, 16] shows that aluminium has significantly smaller Re(å) and significantly larger Im(å) in the range down to a wavelength of 0.5 µm compared to the other metals considered. However, simulations on cubes of metal with a side-length of 250 nm do not show significant absorption until wavelengths below 1.5 µm. The choice of metal could also be affected by eventual larger volume production. Gold is traditionally avoided in a silicon VLSI foundry because of its ability to form deep levels in the silicon. Aluminium is the most commonly chosen metal in silicon VLSI and has a higher bulk plasma frequency than silver or gold. In our own measurements on SRRs formed from Al, Au and Ag no significant difference could be attributed to the metal at wavelengths down to 2.5 µm [14] . SRRs formed from silver are noticeably granular and prone to diffusion (see Fig. 5 ).
A progression of structures that gradually open up the SRR elements, firstly into a 'U' shape and then a pair of parallel wires [17] has shown a reduction in the wavelength for the magnetic resonance. The progression lowers the capacitance of the ring structures, while opening the bottom of the ring results in two capacitors in series and further shifts the resonance towards the blue.
The disadvantage of periodic array structures with pairs of cut wires is that the ratio of wavelength to lattice constant is reduced from ë/a~10 for a SRR to ë/a~2 for cut wires effectively moving towards the region of PhC behaviour. A double-wire system, in which the wires are formed on top of each other and are separated by a dielectric layer, has the distinct advantage that, when excited with k-vector perpendicular to the plane of the double wires, the LC resonance can be excited by both the electric and magnetic fields. However, careful tuning of the parameters for the pairs of cut wires is necessary to obtain demonstration of negative refractive index at 1.5 µm [18] . An example of silica sandwiched by double gold wires, fabricated on an ITO-covered glass substrate is shown in Fig. 6 . Structures based on such pairs of wires combined with long wires to drive å negative have been demonstrated at 14 GHz and have been proposed for the THz range [19] .
The last geometry considered in this short review is the pair of cones. By simplifying the geometry Grigorenko et al. [20] have demonstrated negative permeability at visible wavelengths. The cone structures are deliberately shaped to reduce the number of coupled modes. As the structures are relatively simple they can be made small (~100 nm) and act like double open ended SRRs. Using normal incidence light (ie k-vector into the top of the cones) TE and TM polarisations can easily be probed. The anti-symmetric plasmon resonance corresponding to the magnetically excited resonance is at 550 nm (the green) and the lattice spacing between pairs of cones is for the strongest resonance is 400 nm give a very small ë/a~1.4. This is reflected in the weak nature of the resonance which was enhanced using a thin dielectric coating of glycerine.
Conclusions
The more complex a structure, for example the more turns and more surface area per unit volume a structure possesses, the more inductance and capacitance per unit volume. As L and C are reduced, the resonant frequencies reduce, but also the values of ë/a decrease, resulting in a reduction in the sharpness and intensity of the LC resonance.
With knowledge and understanding gained from various fabrication methods and materials, backed by theory and simulation, it will surely only be a short time before double negative behaviour will be pushed further into the visible region. 
